A solid-phase extraction based on a functionalized SBA-15, with the Schiff base ligand, ethylenediaminepropylesalicylaldimine (SBA/EnSA), was developed for the recovery and preconcentration of trace amounts of uranium(VI) in water samples, prior to its determination spectrophotometrically using ArsenazoIII. For optimizing the parameters affecting the adsorption step (pH, adsorbent dose and adsorption time) and those influencing the desorption process (concentration and volume of eluent and desorption time), a statistical technique response surface methodology (RSM) was employed. The limit of detection and the linear dynamic range for the proposed method were 10 μg L -1 , and 33.5 -500 μg L -1 , respectively. The adsorbent showed a high capacity (110.2 mg g -1 ) and the method allowed obtaining a preconcentration factor of 67. The inter-and intra-day relative standard deviations for a solution of 100 μg L -1 (n = 5) were found to be 4.8 -6.2%. The developed method was successfully applied for the determination of U(VI) in water samples.
Introduction
Uranium is known to be an element with great importance due to its role nuclear energy production, medicine, food-processing, and metallurgy. Nevertheless, exposure to this element can result in both chemical and radiological toxicity. Thus, uranium is considered to be one of the most environmentally important heavy metals. 1, 2 Human activities involving uranium are the main sources of widespread environmental contamination by this chemical species. [1] [2] [3] This menace stimulates a survey of the efficient, rapid and cost-effective methods for the elimination, monitoring and determination of uranium ions, particularly in contaminated water samples to be very important. [4] [5] [6] The low concentration of uranium ion in the presence of relatively high concentrations of other ions causes difficulties in its direct determination.
To resolve these difficulties a separation-preconcentration method needs to exist prior to any determination of the level of this ion by a wide variety of analytical methods, such as ICP spectroscopy, 1, 6 voltammetry, 7, 8 X-ray fluorescence spectroscopy (XRF), 9 α-spectrometry, [10] [11] [12] and spectrophotometry. [13] [14] [15] [16] [17] [18] Thus, a variety of preconcentration procedures, including dispersive liquid-liquid extraction, 7 cloud point extraction, 8 electromembrane extraction 9 and co-precipitation, 10 have been investigated. Beside these methods, the widespread variety of solid materials suitable for solid phase extraction-preconcentration of uranium ions results in a large body of investigations concerning the application of this technique for determination of trace amounts of uranium ions in water samples. [11] [12] [13] [14] [15] Ordered mesoporous materials are among recently developed effective adsorbents with high surface areas, uniform pore structures, adequate mechanical stabilities and high adsorption capacities. 16 SBA-15 based adsorbents are a group of common mesoporous molecular sieves.
17 Surprisingly, whilst the body of knowledge on the potential of SBA-15 based mesoporous materials as adsorbents for removal-recovery of uranium ions from water samples is voluminous, [18] [19] [20] [21] [22] [23] [24] [25] [26] such materials are rarely used in the solid-phase extraction-determination of trace amounts of metals. 27 To the best of our knowledge up to now, there is just one reported paper on the application of mesoporous materials for preconcentration-determination of uranium ions. 28 In our recent studies the adsorption characteristics of amine and Schiff base functionalized SBA-15 mesoporous silica materials towards Cr(VI), As(V), Hg(II), 29, 30 U(VI), 31 Eu(III) and Th(IV) 32 were investigated. It was demonstrated that SBA-15 functionalized adsorbents bearing N-propylsalicylaldimine (SBA/SA) and ethylenediaminepropylesalicylaldimine (SBA/ EnSA) Schiff base ligands are effective adsorbents for the removal-decontamination of water samples containing relatively high concentration of uranyl ions. 31 This potential stimulates us to use the application of SBA/EnSA in a solid-phase extraction procedure for the preconcentration-determination of trace amounts of uranium(VI), followed by its spectrophotometric determination in aqueous solutions. The study was performed by investigating and optimizing the parameters influencing the preconcentration process, including those that affect the adsorption step and the desorption process as well. Central composite design (CCD) as a fractional factorial design method was used to a rapid optimization with a minimum number of experiments for the main operating parameters. With the response surface methodology (RSM), the interactions of influencing parameters on the uranium recovery were evaluated. [33] [34] [35] The proposed method was applied to the recovery and determination of uranium(VI) in water samples.
Experimental

Reagents and materials
The adsorbent (SBA/EnSA) has been prepared and characterized using a procedure described elsewhere. 31, 32 All of the chemicals used were of analytical grade, and were supplied by Merck, Fluka or Acros chemical companies. A stock solution of 100 mg L -1 U(VI) was prepared by dissolving an appropriate amount of uranyl nitrate hexahydrate in nitric acid (0.01 mol L -1 ). Working solutions were prepared by diluting the stock solutions to desired volumes with deionized water. The pH values of these solutions were adjusted by nitric acid or sodium hydroxide solutions (0.1 mol L -1 ). A 0.1% (w/v) aqueous solution of Arsenazo III was used for the determination of U(VI) concentration. 36 
Instruments and apparatus
All of the absorbance measurements were performed at 652 nm using a Hach UV-Vis spectrophotometer (Model DR 5000) by a 1.0-cm path-length rectangular cell. A Metrohm digital pH-meter (Model 780), equipped with a glasscombination electrode was used for pH measurements. Separation of the adsorbent/solution mixtures was performed using a centrifuge Heraeus Labofuge 300. Deionized water (18.2 MΩ cm, Zolalan, M-UV-3+, Iran) was used in the aqueous solution preparation.
Solid phase extraction-preconcentration procedure
The extraction experiments were carried out by contacting a given amount of the adsorbent with a 20-mL uranium solution (500 μg L -1 ) adjusted at pH 4, in stoppered plastic vessels at ambient temperature (22 -25 C) . The vessels containing adsorbent and the analyte were agitated on a magnetic stirrer for 29 min. The adsorbent was separated from the solution by centrifugation. Then the solid residue was washed two times with 5 mL deionized water. After drying the loaded adsorbent, U(VI) contents were stripped with 1.5 mL of a HNO3 solution (0.56 mol L -1 ), and the mixture was stirred magnetically for 7.5 min. After centrifugation of the mixture, 1 mL of the solution was transferred to a test tube. To this solution 50 μL of concentrated HNO3 and 200 μL of 0.1% (w/v) Arsenazo III were added, and the solution was shaken manually, for 5 min.
The uranium concentration was determined at 652 nm against a blank solution. 36 The extraction recovery as the percentage of the total amount of analyte, which was extracted into the eluent (HNO3 solution), and adsorption capacity (q, mg g -1 ) were calculated using Eqs. (1) and (2): 28 Recovery (%) 100,
where C0, C and Ce are the uranium(VI) concentration in initial sample solutions, equilibrium concentrations (the remaining uranium ions in the solution) and its concentration in the eluent, respectively. V0 defines the volume of the initial solution and Ve is the volume of the eluent solution.
Statistical analysis
The response surface methodology (RSM) is a group of statistical and mathematical techniques that use data obtained from a specified experimental design to a model and optimizes the variables affecting the target response of a process. 33, 39 The traditional optimization procedure includes an investigation of the influence of a single factor at a time while keeping constant all of the other variables at one level. It is usually timeconsuming, costly, and sophisticated processes for multivariable systems. The RSM provides sufficient information on the effects of the variables and overall experimental error with a minimum number of experiments. 34, 40 In the present work, modeling and optimization of the recovery of uranium(VI) by using the investigated adsorbent (SBA/ EnSA) were studied using central composite design (CCD) under RSM. The CCD allows the response surface to be modeled by fitting a second-order polynomial 33, 43 with the number of experiments equal to 2 f + 2f + nc. Here, f and nc are the number of design factors and center runs, respectively. The CCD consists of three distinct portions including: (a) 2 f fractional points where the factor levels are coded to the usual low and high values (-1, +1), (b) 2f axial (star) points on the axis of each variable at a distance from the designed center where α = (2 f ) 1/4 , and (c) nc replicated the center points to provide an estimate of the experimental error variance. Each independent variable varies at five levels (coded values -α, -1, 0, +1, +α). 33, 41, 42 In this study, the α value was fixed at 2, and the parameters affecting the adsorption efficiency and the desorption process were optimized separately. Based on previous studies, 31,32 the pH of the solution (x1), amount of adsorbent (x2) and adsorption time (x3) were considered to be the most important variables for the adsorption process; and concentration of eluent (x1), volume of eluent (x2) and time of desorption (x3), were optimized for the stripping step. The data were processed using the statistical software Minitab 14.10. The second-order polynomial model that correlates the response is given by the following equation:
where, Y is the recovery of uranium(VI); b0, the constant coefficient; bi, the linear coefficients; bij, the interaction coefficients and bii, the quadratic coefficient.
Results and Discussion
Application of experimental design for optimization the extraction procedure
The response surface methodology (RSM) using a central composite design (CCD) was applied for optimization the adsorption/desorption processes. 44 This method lowers the required number of experiments for the optimization process, and thus reduces the analyses time, as a determining parameter for evaluating the performance of analytical methods.
Optimization of the adsorption step
The major parameters influencing the adsorption of U(VI) in solid-phase extraction by the studied adsorbent, and their related levels are given in Table 1 . The generated experimental plan using the software Minitab 14.10 is shown in Table 2 . The setup of a 20 experimental designs run in random order, which allows for the modeling of quadratic effects as well as the main effects and their interactions on the response variable. Here, the recovery of uranium is considered as the response variable. By considering the information presented in Table 2 , and after adsorption experiments, the desorption of uranium ions from SBA/EnSA with 2 mL nitric acid 1 mol L -1 was realized; the amount of uranium recovery was calculated by using Eq. (1). The data in Table 2 were used to fit the polynomial model representing the recovery as a function of pH, amount of adsorbent and adsorption time. Equation (4) 
An analysis of the variance (ANOVA) was employed to estimate the significance and potency of the proposed model at a confidence level 95%. The ANOVA includes some statistic factors, such as the lack of fit, coefficient of determination, R 2 , and the adjusted coefficient of determination (R 2 adj), P-value and F-value (Table 3 ). This analysis indicated that the model is highly significant, since the P-value for the model was calculated to be <0.001. The coefficient of determination was 0.948. This indicated that only 5.2% of the total variability cannot not be explained by the repressors in the model. The R 2 value showed also that the considered model is able to give a good estimation for the response of system in the investigated range. In addition, the evaluated adjusted determination coefficient <0.8 (0.902), implied the adequacy and significance of the proposed model. 45 The lack of fit test is useful to determine whether the selected model is adequate to describe the observed data, or whether a more complicated model should be employed. 34 This test was performed by comparing the variability of the current model residuals with that between observations at replicate sets of the factors. Since the P-value for the lack of fit was 0.080 in the ANOVA table and it was greater than 0.05, the model appears to be suitable at a 95% confidence level. Fisher's statistical test (F-test) was applied to confirm the validity of the mentioned statistic factors, respectively. 45 Figure 1a shows the correlation of the predicted (using the resulted second-order polynomial Eq. (4)), and the experimental values of the uranium recovery. This plot confirms a good agreement of the experimental values with those predicted by the model.
The terms in the regression model can have different importance and weight. The significance of each coefficient was determined by the P-values (probability). A smaller P-value shows more significance of the corresponding coefficient. 33 A probability values of less than 0.05 reveals the rejection of a null hypothesis, and indicates that the particular term significantly affects the measured response of system. In this way, the linear terms of pH, adsorption time and amount of adsorbent bear significant effect (P <0.001) on the recovery efficiency. All the quadratic terms except of adsorption time (P = 0.109) were affective. It is noteworthy that the evaluated P values for the pH and the adsorbent dosage were <0.001 and 0.022 for pH and dosage, respectively. It is also observed that the interactions of the pH/adsorption time (x1x3) are noticeable 
The Pareto analysis is used mainly to describe those factors with the greatest cumulative effect on the system, and also has screen out the less significant factors. 33, 46 In fact, this analysis determines the percentage effect of each factor on the response, by using
The results presented on Fig. 2a indicate the difference in the importance of the factors affecting the process. These results suggest that, at 5% significance level, initial pH as quadratic (x1 2 , 31.22%) and interaction of pH with time (x1x3, 19.37%), linear term of dosage (x2, 15.05%), time of adsorption (x3, 13.60%) and pH (x1, 10.66%) impose the largest effect on the recovery of uranium ions. It is also indicates that all of these decisive factors (adsorbent dosage, time of adsorption and pH) have shown a positive effect on the recovery efficiency.
The optimum values of the selected factors were obtained by solving the regression equation (Eq. (4)). The optimum conditions for maximum recovery were found as: initial pH 5.0; amount of adsorbent 0.0055 g and adsorption time 29 min. The maximum recovery predicted by the model was 98%. A verification of this predicted result was accomplished by performing a series of experiments under the optimum conditions. The U(VI) recovery achieved experimentally under optimum conditions was 96 ± 3%, which is very close to that predicted by the applied model.
A 3D demonstration of the interaction of pH and time on the extraction recovery is given in Fig. 3 . This graph clearly reveals that the recovery of uranium ions increases with pH of the aqueous solution in the range 2 -4.5. Beyond this pH, a decrease in the efficiency of the adsorption was observed. It was seen that at lower pH values, an increase of the adsorption time does not influence the efficiency of the process. A competition of UO2 2+ and H3O + at lower pH values can be considered as a reason for low efficiency of the process in such media. 31 
Optimization of the desorption step
Optimization of desorption process plays also an important role for achieving to an efficient recovery, resulting in a more sensitive method for the trace analysis. The most affecting parameters onto desorption of U(VI) from SBA/EnSA, with related levels are given in Table 1 . The generated experimental plan proposed by the applied software is shown in Table 2 . 
The data were evaluated by ANOVA test and the effects using Pareto's chart are shown in Fig. 2b . It is shown that at the significance level 5%, the major variables for the recovery of U(VI) were the interaction of time and eluent volume (x1x2, 33.88%), followed by a pure quadratic of the eluent concentration (x3 2 , 21.73%), and then the interaction of time and eluent concentration (x1x3, 13.42%). However, the time/eluent volume interaction has the most positive effect and quadratic concentration and time/eluent concentration interaction have negative effects. The influence of the linear term of each factor on the recovery of uranium ions as a negative effect varies as: elution volume > elution concentration > time of desorption.
The curves in Fig. 4 demonstrate the interactions of time of desorption with concentration (a) and volume (b) of the eluent. The concentration of the eluent reagent must be able to desorb the analyte from the adsorbent, and it should not destroy the solid phase. It was observed that the recovery of U(VI) ions increased with nitric acid concentration in the range 0.01 -0.5 mol L -1 . Application of a higher concentration of acid decreased the efficiency of the desorption process. It was observed that the recovery increase by time and then decreases (Fig. 4a) . This behavior was attributed to a possible gradual deterioration of the adsorbent in contact with acid at higher contact time. The results showed that the volume of the eluent strongly affects the recovery of uranium ions (Fig. 4b) . It is known that the volume of eluent should be large enough to strip metal ions, but it does not lead to a high dilution of analyte. 34 The results of ANOVA (Table 3 ) indicated that the model is highly significant, since the P-value for the model was P <0.001. The coefficients of determination (R 2 ) were >0.951. This signified a well agreement between the observed and estimated responses by quadratic model values. The evaluated adjusted determination coefficient (0.906), showed the adequacy of the proposed model. Based on the data given in Table 3 , it can be concluded that lack-of-fit with a P-value of 0.870 is satisfactorily fitted to the experimental data. The P-values lower than 0.05 for linear terms of desorption time (P = 0.003), volume and concentration of eluent (P <0.001) implied their significant effect. The concentration of the acid used as eluent was affective (P <0.001) among the quadratic terms. In addition, the interactions of desorption time/eluent volume (x1x2) (P = 0.001) and desorption time/eluent concentration (x1x3) (P = 0.017) had an appreciable effect. In contrast, the interactive effects of eluent volume with eluent concentration (x2x3) (P = 0.372) were negligible. The insignificant terms with P-values higher than 0.05 were removed from the final expression of model, and the final predictive model was considered as:
The optimization of desorption process results in the following conditions: desorption time 7.5 min, eluent volume 1.5 mL and concentration of HNO3 as eluent 0.56 mol L -1 . A verification of the predicted result was accomplished by performing the experiment using the set of optimized factors. The recovery obtained under the optimized conditions was 97 ± 3%. This value was in good agreement with that predicted value the model (99%). The results also show a preconcentration factor of 13.3 for U(VI) ions from aqueous solutions, when the volume of sample solutions is 20 mL. To examine the ability of the proposed method for the preconcentration of U(VI) ions from dilute solutions, their recovery from 20 to 200 mL solutions containing 10 μg of U(VI) by applying 0.0055 g of the adsorbent SBA/EnSA was investigated. This means that the concentration of the aqueous solutions was in the range 500 -50 μg L -1 . The results showed that by increasing of the aqueous phase volume from 20 to 100 mL, the recovery remains almost constant at about 94%. This investigation revealed that a preconcentration factor of 67 can be accessible if the sample volume is 100 mL.
Analytical performance
To evaluate the usefulness of SBA/EnSA adsorbent for quantitative analysis of uranium ions in water samples, the analytical performance of the proposed method was studied and validated in terms of linearity, limits of detection (LOD), limit of quantification (LOQ), intra and inter-day precision (RSD%). A calibration curve was obtained by performing a series of preconcentrations followed by photometric determinations of uranyl ions in 20 mL of a water solution containing 1 -1500 μg L -1 of U(VI) by using 0.0055 g of the adsorbent, under optimized conditions. The proposed method presented a linear calibration curve (A = 7.02 × 10 ), 2 which is lower than the amounts of limit of determination of the presented method. In order to determine the intra-day and inter-day relative standard deviation, the extraction, preconcentration and determination of uranyl ions (100 μg L -1 ) in water solutions was repeated five times. The results are summarized in Table 4 .
Interference study
The selectivity of the developed method was assessed by checking the method for the determination of U(VI) ions in its binary mixtures with the ions Na . An ion was considered as interference if its presence produced a variation of more than 10% in the recovery of the uranium ions. The results showed that Na + does not interfere at a concentration of 1000-times higher than the uranium concentration. The ions Eu 3+ , Cr 3+ and Ba 2+ , Ni 2+ , Co 2+ , Cd 2+ did not show interference at the level of 100 and 500 fold of uranium ions, respectively. The presence of the ions Pb 2+ , Mn 2+ and Fe 3+ up to 50 times higher than uranyl concentration did not an interference effect on the uranium determinations. The higher concentrations were not evaluated because of an increase in their concentration results in their precipitation in the solution. The adsorbent was able to adsorb both copper and thorium ions. These ions can form complexes with the complexing reagent Arsenazo III; thus they have an interfering effect for the uranyl determination. A solution of EDTA (0.007 mol L -1 ) at the concentration of 10 and 50 times higher than of uranium 47, 48 was successfully used as a masking agent for these interfering ions, respectively.
Adsorption capacity
The capacity of the sorbent is an important factor that determines how much sorbent is required to remove a specific amount of metal ions from the solution quantitatively. For investigating adsorbent capacity, aliquots of 20 mL of sample solution with different concentration of U(VI) ions were contacted with 0.0055 g of sorbent. The adsorption capacity (q, mg g -1 ) was calculated by using Eq. (2). According to these results, the maximum amount of uranium ions that can be adsorbed by SBA/EnSA was 110.2 mg of uranyl per gram of the adsorbent. 
Application of the proposed method
To evaluate the capability and accuracy of the proposed method for the analysis of uranyl in real samples, some environmental water samples were analyzed. The method was applied to the determination of spiked U(VI) ions (100 μg L -1 ) in tap water (taken from campus of the University of Zanjan, Zanjan, Iran), mineral water (purchased from local market, Zanjan, Iran), river water (Gezelozan river, Zanjan, Iran) and seawater (Caspian sea, Guilan, Iran) samples. The results are given in Table 5 . The quantitative recovery of the spiked uranyl and the corresponding relative standard deviation confirm the good precision and accuracy of the proposed method for the preconcentration and determination of the analyte in a variety of water samples.
Comparison of the proposed method with other methods
In Table 6 , the detection limit, linear range, preconcentration factor and adsorbent capacity of the proposed method are compared with the corresponding values previously reported for the preconcentration-determination of U(VI) ions using other SPE methods, followed by spectrophotometric determination. It is seen that, SBA/EnSA adsorbent for preconcentration and determination of uranium(VI) has the highest sorbent capacity. Also, the obtained LOD is comparable with that obtained by modified silica gel, 49 modified activated carbon 50 and ion imprinted polymer. 51 The linear range obtained by the proposed method is wider or better than those obtained by modified C18, 47 modified Amberlite XAD-4 52 and modified naphthalene. 53 In comparison with Amberlite XAD with the same LOD, SBA/EnSA has higher capacity. 54 
Conclusions
It has been shown that functionalized SBA-15 mesoporous silica particles by the ethylenediaminepropylesalicylaldimine Schiff base ligand (SBA/EnSA) can be used as an efficient and selective adsorbent for the recovery-preconcentration of uranium(VI) from water samples. The effects of different conditions (i.e., pH, adsorption time, adsorbent dose, desorption time, concentration and volume of eluent) on the recovery efficiency were investigated and optimized using the response surface methodology (RSM). Under the optimum conditions, the detection limit, the linear range and RSD of the proposed method for determination of uranyl ions were found to be, 10 μg L -1 , 33.5 -500 μg L -1 and 4.8 -6.2%, respectively. This method has shown a reasonable preconcentration factor and high adsorption capacity. The presented method can be used for the determination of uranyl ions in a variety of water samples with a different matrix. The analytical performance of the presented method is better than, or comparable to some other related published methods. 
